Abstract High concentration of aqueous glycerine was decomposed using a direct current (DC) plasma torch at atmospheric pressure. The torch can generate the plasma with water as the plasma-supporting gas in the absence of any additional gas supply system and cooling devices. The results indicated that 5 mol% glycerine was completely decomposed by water plasmas at arc powers of 0.55∼1.05 kW. The major products in the effluent gas were H2 (68.9%∼71.1%), CO2 (18.9%∼23.0%), and CO (0.2%∼0.6%). However, trace levels of formic acid (HCOOH) and formaldehyde (HCHO) were observed in the liquid effluent. The results indicated that the water plasma waste treatment process is capable of being an alternative green technology for organic waste decomposition.
Introduction
Thermal plasma waste treatment has attracted the most attention because thermal plasmas can offer distinct advantages for waste treatment processes, such as a high enthalpy, which increases the reaction rate, oxidation or reduction atmospheres in accordance with required chemical reactions, and rapid quenching (10 5 ∼10 6 K/s), which produces non-equilibrium chemical compositions [1, 2] . The decomposition of organic wastes, such as rubber, plastic, and medical waste using thermal plasmas has been studied by many researchers [3∼6] . However, the high electrical power consumption of traditional thermal plasma processes may limit their practical application in industry.
Water plasma waste treatment has attracted the most attention as a green technology for the utilization of organic wastes. HRABOVSKYET et al. [7] and OOSTET et al. [8] developed a hybrid plasma torch with a stable electric arc using a water vortex and gas flow for the gasification of biomass. At arc power of 80 kW to 300 kW with an exit centerline plasma velocity of 2.0×10 3 m/s to 6.5×10 3 m/s, the amount of gas produced was up to 120 m 3 /h, where the syngas concentration was 79%∼97%. WATANABE [9] has developed a DC water plasma torch for the treatment of greenhouse gases of hydrofluorocarbons (HFCs) [10] perfluorocarbons (PFCs) [11] , and other typical wastewater pollutants [12, 13] . In the case of decomposition of phenol solution with a high chemical oxygen demand (COD), the results of a study showed that 0.1 mol%∼1 mol% phenol was drastically decomposed by the water plasma with energy efficiencies of 0.19∼3.48 g · kW/h [13] . Moreover, the decomposition mechanism of high concentration of phenol solution in water plasmas at atmospheric pressure was investigated at different arc currents in Ref. [14] . The main reaction pathways were electron dissociation, chemical oxidation or reduction in the plasma flame region to form C 6 H 5 O and C 6 H 6 . After phenol decomposition, the generated intermediate species would undergo complex reactions to form stable compounds in the plasma flame region. In the downstream region, the generated intermediate species were easily recombined with H or oxidized by OH to form unwanted products, such as HCOOH, HCHO, and H 2 O 2 .
Glycerine is a major by-product in the biodiesel manufacturing process. The global biodiesel market is estimated to reach 37 billion gallons by 2016 with an average annual growth of 42%, which means about 4 billion gallons of crude glycerine will be produced [15] ; therefore, its treatment method and new applications should be developed. In this study, a high concentration of aqueous glycerine, used as model substance for water soluble compounds, was decomposed using the water plasma torch at atmospheric pressure. The arc behavior with respect to the changing evaporation mass flow rate was studied. The effect of the arc current on glycerine decomposition and the influence of active species such as O, H, and OH on by-product formation were examined by analyzing the generation products. Furthermore, the decomposition mechanism of glycerine in water plasmas was discussed.
Experiment

Apparatus and operational conditions
A schematic diagram of the DC water plasma system for decomposition of glycerine is shown in Fig. 1 . The system consists of a DC power supply, a plasma torch, a metering pump, and a reaction tube. The plasma torch was a DC non-transferred arc plasma generator of coaxial design with a cathode of hafnium embedded into a copper rod and a nozzle type copper anode. The diameter of hafnium was 1.0 mm. Using hafnium as a cathode material can prevent the erosion problems and perform a longer operating time in an oxidative atmosphere.
Fig.1 Schematic diagram of the glycerine decomposition system
After arc ignition, water plasmas were generated at the discharge region by heating and ionization of steam that is produced by evaporation of water from the reservoirs. Simultaneously, the anode was cooled by the water evaporation; thus, the torch could be operated in the absence of carrier gases or air injection, a cooling-controlled system, and pressure-controlled devices. Therefore, the presented system is a portable light weight system that does not need a gas supply system and has a high energy efficiency (>90%) because no cooling system is used and is therefore a low cost technique in contrast to conventional thermal plasma techniques. Moreover, the generated H and O radicals in water plasmas are useful for suppressing by-product formation.
Glycerine solution was introduced into the torch with a controlled feed rate after adjusting the solution concentration to 5 mol% with analytical grade glycerine (99%, Kanto Chem. Co., Tokyo, Japan) and distilled water. The system was operated at an atmospheric pressure with an arc current of 5∼7 A and a voltage from 110 V to 150 V. Each run was operated for 10∼30 min after a steady-state operation condition was reached.
Analytical method
The instruments for gas analysis included a gas chromatograph equipped with a thermal conductivity detector (GC-TCD, GC-8A, Shimadzu) and a quadrupole mass spectrometer (QMS, Ametek, DycorProline). The GC-TCD was used for the quantitative analysis of gaseous products such as H 2 , CO, CO 2 , and CH 4 , where the detection limit of mole fraction of the gas was 10 −3 .
The QMS was used for the qualitative analysis of trace hydrocarbon products in the gas phase. A total organic carbon (TOC) analyzer (TOC-V CSN, Shimadzu) and a high performance chromatograph (HPLC, Jasco, Essex, UK) with an ultraviolet detector (UV-975) and a normal phase column (CN-3, ODS) were used for analysis of the liquid effluent. The mobile phase was acetonitrile/methanol/phosphoric 70/29.99/0.01 for organic compounds with the flow rate of 0.5 mL/min. Detection was carried out 230 nm for aldehyde and organic acid at 338 K.
Experimental results
Measurement results of the feeding rate of 5 mol% glycerine solution at different arc currents, which are determined by adjusting and observing the height of feeding solution, are shown in Fig. 2 . The feed rate was also the same as the evaporation rate of the solution. The feed rate slightly increased with the increasing arc current due to an increased input energy for the overall system because the plasma arc was stabilized by steam that flowed along the arc column in the arc region. Consequently, the mass flow rate was controlled by a balance of heat transfer in the arc column and depended on the input energy for the overall system and the characteristics of the supply gas, such as vapor pressure and specific heat. The plasma and injected glycerine were expected to undergo complex reactions in the high-temperature region. Then, vigorous gaseous products could be quickly quenched in the reaction tube and separated into gaseous, liquid, and solid phases. Herein, the quenching step is important to suppress by-product formation in the waste treatment process. In this torch, target compounds pass through the discharge region and are then injected into the high-temperature zone. Hence, the capacity of obtaining high decomposition efficiency for organic waste is a unique characteristic of this torch.
The production rates of gaseous, liquid, and solid are also shown in Fig. 2 , where the solid production rate was calculated on the basis of the mass balance due to its negligible generation. Large production rates for liquid and gas were obtained at higher arc current because water evaporation and dissociation were improved by increasing the arc current. The feeding rate of glycerine solution was 43.0∼62.8 mg/s in which 62.17%∼67.05% was converted into liquid and 32.35%∼37.29% into gas phase. Because solid products were too small to measure, the produced gas and liquid were analyzed, respectively.
Analysis of gaseous products
The effect of arc current on the composition of the produced gas is shown in Fig. 3 . The major compositions of the produced gas were H 2 (68.9%∼71.1%), CO 2 (18.9%∼23.0%), and CO (0.2%∼0.6%). As the arc current increased, the concentrations of H 2 and CO 2 slightly increased, while the concentrations of CO and CH 4 slightly decreased, because a stronger oxidative environment was formed at a higher arc current. As for the syngas of H 2 and CO, the mole fraction of 68%∼72% was obtained at arc currents of 5∼7 A.
Fig.3 Effect of arc current on composition of the effluent gas
The mass spectra of the effluent gas produced by the decomposition of 5 mol% glycerine solution at different arc currents are shown in Fig. 4 . As shown in Fig. 4(a) and (b Fig. 4(a) with Fig. 4(c) , the intensity peaks of 28 (CO + ) and 44 (CO 2 + ), corresponding to CO and CO 2 , generated at 7 A were higher than those generated at 5 A, indicating that a stronger oxidative atmosphere was formed at a higher arc current. In contrast, in the case of decomposition of 5 mol% ethanol solution, the intensity peak of 44 (CO 2 + ) produced at lower arc current was smaller than that produced at higher arc current [12] . Furthermore, the intensity peak of 26 (C 2 H 2 + ) was identified in the ethanol decomposition process; however, the peak 26 (C 2 H 2 + ) was not detected from glycerine decomposition even at a low arc current. It is considered that the intermediate species generated from glycerine decomposition were completely oxidized; i.e., strong oxidative atmosphere was formed in the glycerine decomposition process. 
Analysis of liquid products
The TOC concentration of the liquid effluent produced by the decomposition of 5 mol% glycerine is shown in Fig. 5 . The TOC greatly increased with the arc current decreasing, thereby it is considered that the arc current may have a strong effect on the TOC reduction rate. These results are in good agreement with the work of phenol and alcohol decomposition by the water plasma [12, 14] . YUAN et al. [13] also observed a higher mineralization extent of phenol solution at a higher input energy. However, the TOC concentration for 1 mol% phenol was much higher than that for the decomposition of 5 mol% alcohol solutions at the same arc current, indicating aromatic structure is more difficult to be decomposed by the DC water plasma. The pH values of the liquid effluent produced by the decomposition of 5 mol% glycerine at different arc currents are shown in Fig. 6 . The pH of the liquid effluent decreased with the decreasing arc current. At an arc current of 5 A, the pH of the liquid effluent was as low as 3.7.
Fig.6 Effect of arc current on pH of liquid effluent
The compositions of the liquid effluent produced by decomposing glycerine solutions at different arc currents were quantitatively analyzed using HPLC, as shown in Fig. 7 . Undecomposed glycerine was not detected from the liquid effluent; however, unwanted byproducts such as HCHO and HCOOH were detected. Moreover, at a lower arc current of 5 A, the concentrations of those compounds were significantly high due to a lower plasma temperature. Note that the common by-products such as hydroquinone, benzoquinone, and carboxylic acids for organic compounds' decomposition by non-thermal plasma technique [16, 17] were not observed in the effluent in all decomposition cases. The carbon balance of the decomposition products of 5 mol% glycerine at different arc currents is presented in Fig. 8 . The carbon balance is defined as the ratio of the total input carbon in glycerine solution to the total amount of carbon in each product in unit time. Over 89% of carbon in the feeding glycerine solution converted into CO 2 , while the rest converted into soot and low molecular organic compounds such as HCOOH and HCHO. The negligible amount of soot generation for glycerine decomposition even at a low arc current indicated that OH radicals were generated from glycerine, which may enhance the oxidation of intermediate species such as CH 2 and CH radicals. The decomposition rate of glycerine was estimated at 100% because undecomposed glycerine was not detected in both the gas and liquid effluents even at an arc current of 5 A. In contrast to the decomposition of alcohol solutions by the water plasma [12] , at an arc current of 5 A, the decomposition rate of glycerine was much higher than that of alcohol solutions, indicating that the decomposition rate of organic compounds strongly depended on their structure. Higher decomposition rate was obtained at higher arc current in all decomposition cases, because a stronger oxidative atmosphere was formed due to the acceleration of H 2 O dissociation with an increasing arc current.
Discussion on decomposition mechanism
A simplified decomposition reaction mechanism of glycerine solution in water plasmas was proposed on the basis of the results of the experiment and information from the literature [13, 14, 18] , as shown in Fig. 9 . The excitation temperature of water plasmas from the nozzle exit was measured using optical emission spectroscopy and determined from the Boltzmann plot from hydrogen atoms for free water plasma jet [12] . The results showed that the excitation temperature was higher than 8500 K at the nozzle exit with pure water as the plasma supporting gas at an arc current of 7 A. However, it should be noted that an increasing organic concentration may result in a decreasing excitation temperature of plasma because of larger decomposition energy at higher concentrations. Also, the carbon loading of solution may influence the temperature of the plasma gas. In the case of 10 mol% methanolor ethanol solution, the excitation temperature was reduced to 6200 K or 5700 K, respectively. Therefore, It is estimated that the decomposition mechanism of organic compounds in water plasmas involves thermal decomposition, radical reactions, and electron impact given that the electron kinetic energy is greater than 8500 K and the electron densities are greater than 10 22 ∼10 23 m −3 in the arc column of an atmospheric DC arc torch [19, 20] . Therefore, in water plasmas glycerine was estimated to be decomposed by means of electronic dissociation, thermal decomposition, oxidizing by O, and reducing by H radicals, as shown in Fig. 9 . Fig.9 Decomposition mechanism of glycerine by water plasmas
In the high-temperature region, larger amounts of CH 2 , CH, and OH radicals would be generated due to the weaker C-O bond as well as the C-C bond, leading to larger amounts of CO and CO 2 in the effluent gas by oxidation and reduction, as shown in Fig. 3 . However, the generated species was difficult to completely oxidize in the high-temperature region because the residence time of the radicals in the high-temperature region was shorter than 1 ms [14] . Such a short residence time may result in incomplete oxidation products such as HCHO (CH 2 O), HCOOH, and soot in the downstream region as well as the lowtemperature region, as observed in Figs. 7 and 8. As can be seen in Fig. 9 , HCHO was generated by oxidation of CH 2 by O or OH radicals, which can be found in our previous work [14] . The glycerine decomposition mechanisms as well as the intermediate behaviors were different from decomposition of organic compounds such as phenol [13] or acetone [18] by water plasmas. The negligible amount of soot generation from glycerine decomposition even at a low arc current indicated that a stronger oxidative atmosphere was formed which can enhance CH and CH 3 oxidation by OH radicals. In contrast, a stronger reductive atmosphere was formed during decomposition of phenol and acetone, leading to incomplete oxidation of the intermediate organic species such as C 6 H 5 O, CH 3 , and CH 2 . Therefore, those intermediate species generated other by-products or soot in the low-temperature region [13, 14, 18] .
Conclusion
Decomposition of glycerine by water plasmas at atmospheric pressure has been investigated using DC discharge. At torch powers of 0.55∼1.05 kW and organic compound concentration of 5 mol%, the decomposition rate obtained was 100% and the major products were H 2 , CO, and CO 2 . The content of synthesis gas (H 2 and CO) was about 72%, providing an incentive for liquid waste treatment by this technique. Furthermore, the decomposition mechanism of glycerine in water plasmas was proposed.
